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Abstract: The concept of the ARAPUCA device is relatively new and involves increasing the
effective area for photon collection of SiPMs by the use of a box with highly reflective internal
walls, wavelength shifters, and a dichroic filter to allow the light to enter the box and not the
leave it. There were a number of tests showing the good performance of this device. Recently
an improvement on the original design was proposed: the inclusion of a WLS bar inside the box
to guide photons more efficiently to the SiPMs. We present a full simulation of the device using
Geant4. We have included all the material properties that are available in the literature and the
relevant detailed properties for adequate photon propagation available in the framework. Main
results include estimates of detection efficiency as a function of the number, shape, and placing of
SiPMs, width of the WLS bar, its possible attenuation, and the existence of a gap between the bar
and the SiPMs. Improvement on the efficiency with respect to the original ARAPUCA design is
15-40%. The ARAPUCA simulation has been validated in a number of experimental setups and is
a useful tool to help making design choices for future experiments devices.
Keywords: Detector modelling and simulations I (interaction of radiation with matter, interaction
of photons with matter, interaction of hadrons with matter, etc); Noble liquid detectors (scintillation,
ionization, double-phase); Photon detectors for UV, visible and IR photons (solid-state) (PIN diodes,
APDs, Si-PMTs, G-APDs, CCDs, EBCCDs, EMCCDs, CMOS imagers, etc).
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1 Introduction
The ARAPUCA concept [1] was proposed as a photon trapping device in order to increase the ef-
fective area for photon collection of silicon photomultipliers (SiPMs) for detecting LAr scintillation
light. It is based on assembling a box with highly reflective internal walls and an optical window
composed of a dichroic filter and two wavelength shifters (WLS), allowing the light to be converted
by the first layer of shifter and pass the dichroic filter. When the photon gets converted by the
second shifter, it will not be allowed to pass the filter on the way out of the box, being effectively
trapped inside it. The ARAPUCA has been tested in different experimental setups [2, 3] and has
been showing a detection efficiency on the order of a few percent.
An improvement on the ARAPUCA device, the X-ARAPUCA [4], was proposed by replacing
the second deposit of WLS by a WLS acrylic bar inside the box, and by having the SiPMs placed
on the sides of the box. The photon entering the cavity could be trapped by the bar itself by a
total reflection mechanism or, if the angle is not shallow enough, the original ARAPUCA trapping
mechanism would be in place (see figure 1).
The description of the ARAPUCA devices using Monte Carlo techniques has been used as a
key tool as it allows for the evaluation of better design choices, sensitivity studies, quantification of
systematic errors and development of analysis tools. It is therefore useful from the experimental
proposal to the publication of results.
Building upon our previous experience in making estimates on the efficiency, number of
reflections, and trapping time [5] of what is now called the standard ARAPUCA (S-ARAPUCA),
we present aMonte Carlo modelling of the X-ARAPUCA device using the Geant4 framework [6, 7].
The aim is to better understand the influence of different components on the detection efficiency of
the device in order to guide the choices to be made for the Deep Underground Neutrino Experiment
(DUNE) [8] since the X-ARAPUCA is the baseline design choice of the single phase module photon
detection system. It is also going to be installed in the Short-Baseline Near Detector (SBND) [9].
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Figure 1. Schematic drawing of the X-ARAPUCA, with indication of its components and possible ways of
photon trapping inside the cavity: through total internal reflection inside the WLS bar (left) or trapping by
the ARAPUCA’s cavity (right).
2 Description of the Simulation
The simulation is based on the Geant4 framework which provides the necessary functionalities for
optical photons’ propagation and interaction with materials. For the description of the ARAPUCA
device all of its components need to be carefully modelled considering their optical properties. The
size of the box and number os SiPMs was varied to reproduce the devices to be installed in DUNE
and SBND.
The SBND experiment will have reflective foils composed of 3M ESR with TPB deposited
over it installed on the cathode plane [11]. The goal is to promote the conversion of LAr VUV
light incident over the cathode allowing it to be reflected back to the photon detector region. The
ARAPUCA which is sensitive to the VUV LAr light will not be able to detect the visible light
already converted by the foils. In SBND there will two kinds of X-ARAPUCAS, one for detecting
VUV and other for visible light. The former will have PTP deposited on the outer side of the
dichroic filter and the choice for the internal shifter is a WLS plastic bar from Eljen, EJ286. The
latter, will need no deposit over the filter, the photon being shifted only inside the box by the WLS
bar. Two possibilities were considered: to use EJ280 or EJ282, since their absorption and emission
spectra were in the range convered by the dichroic filter cutoff. Simulation runs were performed
with both in order to evaluate the best choice.
Table 1 shows the components used to model the X-ARAPUCA and main characteristics.
Liquid argon present in the ARAPUCA’s internal cavity was modelled with a refraction index
dependent on the photon’s energy as in reference [10], reproduced in figure 2. Details of the
emission/absorption spectra of the shifters and comparison to the transmission coefficient of the
dichroic filter for detecting VUV and visible light are also present in the same figure.
3 Results
The devices were simulated in different configurations to evaluate the prototypes to be installed
in SBND and the choices for DUNE. Given the uncertainties regarding the attenuation length in
the WLS material, we compared the cases of no absorption of photons in the bar or an attenuation
length of 1.0 meter.
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Component Characteristics
3M ESR Taken as a specular reflector with reflectivity of 0.98 [12]. It covers the
internal ARAPUCA’s cavity surface.
p-therfenyl Thickness of deposition of 2.0 um. Absorption length and emission
spectrum dependent on photon energy from Ref. [13].
WLS bar Different bars from Eljen (EJ286, EJ280, and EJ282) to detect VUV or
visible light. Absorption and emission spectra taken from manufacturer
information as well as refraction index [14].
Dichoic filter Transmission and reflection taken as a function of incident angle (in-
formation provided by manufacturer [15]). Dichroic filter placed over a
glass substract and facing ARAPUCA’s internal cavity.
SiPM Detection spectrum taken as the one for Sensl C-Series [16].
Table 1. ARAPUCA’s components and characterization in the simulation.
Figure 2. From top to bottom, left to right: (a) LAr refraction index as a function of photon energy and
WLS bar refraction index adopted in the simulation; (b) Comparison between emission spectrum of PTP and
absorption and emission of EJ286 (in arbitrary units), together with the dichroic transmission (at 45o angle
and cutoff at 400 nm) as a function of the photon energy for detection of VUV light; Comparison between
emission spectrum of TPB and absorption and emission of WLS bar (in arbitrary units), together with the
dichroic transmission (at 45o angle and cutoff at 450 nm) as a function of the photon energy for detecting
light converted by reflective foils when the bar is made of material (c) EJ280; and (d) EJ282.
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Results can be seen in figure 3 and 4 for a DUNE module (box internal dimensions of 480 mm
x 93 mm x 6 mm).
Figure 3. Efficiency studies for X-ARAPUCA as a function of (from top to bottom, left to right): (a) number
of SiPMs equally spaced along the longer sides of the box; (b) number of SiPMs equally spaced on the
shorter sides of the box; (c) spacing between the WLS bar and the SiPMs; (d) bar width. Results obtained for
a device of internal size 480 mm x 93 mm x 6 mm, with 6x6 mm2 SiPMs, and bar width of 3.5 mm, except
when varied in case (d).
As expected, the efficiency for detection increases with the number of photon sensors but not
in a linear manner and tending to a saturation value for n >> 50. Simulation also indicates that the
efficiency is improved by placing the SiPMs on the shorter lateral of the box, probably an effect of
having the majority of lateral surface area covered on both ends. This should be further investigated
with experimental runs.
One question investigated was if changing the shape of SiPMs while maintaining the same
coverage of photo sensors in order to include more surface in contact with the bar would improve
detection efficiency. Figure 4 indicates that there is no need of having custom made SiPMs since
the results are all compatible within the (statistical only) uncertainty. Also, the clustering of SiPMs
seems to have no influence on the performance of the device, allowing for more liberty with regards
to mechanical requirements of building and assembling of the box and readout electronics. We
point out that these results were obtained without accounting for attenuation in the bar.
Regarding properties of the bar, having it thinner would be better for having trapped photons
travel less inside an absorbing media but could also affect the conversion capability of the bar
on PTP emitted photons. Nevertheless, simulation shows that the device is effectively converting
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Figure 4. On top, simulating the effect of changing the geometry of SiPMs while keeping their surface areas.
Calculated efficiencies are, from left to right, 7.99±0.06%, 8.12±0.06%, and 7.95±0.06%. On the bottom,
simulating the effect of clustering SiPMs over the longer side of the X-ARAPUCA. Calculated efficiencies
are, from left to right for SiPM clustered in groups of 1, 6, and 8, 7.95±0.06%, 7.97±0.06%, and 8.04±0.06%,
respectively.
photons that enter the box and indicating only a very minor tendency of decrease in efficiency even
when the absorption length is 1.0 m. The effect of absorption is to decrease the value of efficiency
for all cases in about 40-50% for a 1.0 m value.
After assembly and installation of the devices in the experimental chamber, they will be bathed
in liquid argon, at a temperature of ∼ 89K. Since components have different expansion coefficients,
it is expected that a gap appears between the bar and the surface of the SiPM. Figure 3, third panel,
shows the influence of this gap. Simulations indicate a decrease on the efficiency around 25-30%
from when no gap exists but also indicate that it is independent on the size of the gap. This is a
very interesting result pointing to the possibility of increasing the gap on one side while keeping
the gap to zero on the opposite side, thus reducing the efficiency in a milder way than seen here.
This might be accomplished by mechanically or gravitationally coupling one side of the bar to one
lateral of the box.
Results for X-ARAPUCAS to be installed in SBND to detect visible light (box internal di-
mensions of 196.8 mm x 78.4 mm x 18 mm and 8 SiPM of 6 x 6 mm2 of active area) are shown
on table 2. As in the studies with the X-ARAPUCA prototype for DUNE, there is a decrease in
efficiency with a decrease in the attenuation length and with the existance of a gap between the bar
and SiPM surface. In the visible light X-ARAPUCA, the most interesting result from simulation
was the comparison of the two bars, EJ280 and EJ282, where we can see that the former gives
better results for the efficiency due to the better match between the emission spectrum of TPB and
absorption spectrum of EJ280 and emission of EJ280 and dichroic filter cutoff.
When compared to a S-ARAPUCA of same size and number of SiPMs (the WLS in the bar
is replaced by TPB deposited in the internal side of the dichroic filter), the simulation of a X-
ARAPUCA device shows an efficiency improvement of 15âĂŞ40% (depending on properties of
the bar and its coupling to the SiPMs). Figure 5 shows the points over all SiPMs (of area 6x6 mm2)
where photons are incident on the sensor. It shows up to 55%more photons in bar region, reflecting
the fact that a large number of photons are being effectively trapped by the bar.
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Bar type Attenuation length Space between bar and Efficiency (%)
(m) lateral side (mm)
EJ280 ∞ 1.5 3.5
EJ280 1.0 1.5 2.2
EJ282 ∞ 1.5 2.6
EJ282 1.0 1.5 1.9
Table 2. Results for X-ARAPUCA efficiency for light converted by TPB foils over SBND cathode. The box
internal dimensions are 196.8 mm x 78.4 mm x 18 mm with 8 SiPMs of 6x6 mm2 surface area uniformly
distributed over the longer sides. Two types of WLS bars were tested with width of 4.0 mm.
Figure 5. Comparison of the position over the SiPM area (6 mm x 6 mm) on which photons were incident
for the ARAPUCA on the left and X-ARAPUCA on the right (3.5 mm wide bar). The increase in the density
of points over the area covered by the bar in the X-ARAPUCA is clear.
4 Conclusions
The development of the simulation tools described helps guiding design choices for the X-
ARAPUCAs to be installed in the DUNE-SP [17] and SBND experiments. We highlight some
interesting features such as the overall increase of the efficiency with respect to the previous device
and its dependence with parameters such as the presence of a gap between the bar and SiPM re-
gardless of its size and an improvement observed when placing the SiPMs on the shorter side of the
cavity, a result that should be further investigated.
These simulations are versatile enough to apply to several possible designs being, in this way,
effective in narrowing the choices for actual experimental tests, saving time and resources in general.
It is also useful for investigating the influence of changes in single components over the device’s
performance. ARAPUCA simulation has been validated against experimental data [2, 5] proving
to be a powerful tool in the device’s development.
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